Samarium doped hydroxyapatite (Sm:HAp), Ca 10− Sm (PO 4 ) 6 (OH) 2 (HAp), bionanoparticles with different Sm have been successfully synthesized by coprecipitation method. Detailed characterization of samarium doped hydroxyapatite nanoparticles (Sm:HAp-NPs) was carried out using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and Fourier transform infrared spectroscopy (FTIR). The biocompatibility of samarium doped hydroxyapatite was assessed by cell viability. The antibacterial activity of the Sm:HAp-NPs was tested against Gram-negative bacteria (Pseudomonas aeruginosa and Escherichia coli) and Gram-positive bacteria (Enterococcus faecalis and Staphylococcus aureus). A linear increase of antimicrobial activity of P. aeruginosa has been observed when concentrations of Sm:HAp-NPs in the samples with Sm = 0.02 were higher than 0.125 mg/mL. For Sm:HAp-NPs with Sm = 0.05 a significant increase of antibacterial activity on E. coli was observed in the range 0.5-1 mg/mL. For low concentrations of Sm:HAp-NPs ( Sm = 0.05) from 0.031 to 0.125 mg/mL a high antibacterial activity on Enterococcus faecalis has been noticed. A growth of the inhibitory effect on S. aureus was observed for all concentrations of Sm:HAp-NPs with Sm = 0.02.
Introduction
Nowadays, the development of new nanoscale materials has reached such complexity that engineered particles have the potential to be used for applications in various areas ranging from medicine to environment and electronics. The most studied engineered particles are the inorganic ones and mostly the ones that exhibit biological properties [1] [2] [3] .
Hydroxyapatite, b1 10 (`\ 4 ) 6 (OH) 2 (HAp), is a calcium phosphate ceramic material and also the major inorganic component in bones and teeth of animals and humans [4] . Due to its excellent biocompatibility, bioactivity, and osteoconductivity, HAp is widely investigated and promoted in all biomaterial related research areas [5] [6] [7] [8] .
Apatites, especially HAp, have a strong affinity to ion substitution and a real potential for being used as structural matrices for materials design. Due to the tendency of substituting Ca 2+ ions with other divalent elements, mostly metals such as Ag + , Cu 2+ , and Zn 2+ , hydroxyapatite is widely used to develop new compounds with exquisite properties. In the last years, the attention has been focused on the family of rare-earth elements as substituents of Ca 2+ in the HAp structure [9] [10] [11] [12] . Hydroxyapatite doped with rareearth ions is of interest in the area of biomaterials for bone related applications [13] . Lanthanides, also called rare-earth elements, are the family of elements between lanthanum and lutetium. These elements exhibit a pronounced biological activity, and they are able to replace Ca 2+ ions in structured molecules [14] [15] [16] . One of the most important representative elements from the lanthanides family is samarium. Sm 3+ ions are one of the most interesting ions to be analyzed due to their use in high-density optical storage, exquisite optical properties, and antibacterial properties [17, 18] . Recently [19] , the primary tests concerning the adherence of Enterococcus faecalis ATCC 29212 (Gram-positive bacteria) to samarium doped hydroxyapatite showed high antibacterial activity against Enterococcus faecalis ATCC 29212. Here, we have synthesized the samarium doped hydroxyapatite bionanoparticles (Sm:HAp-NPs), with other concentrations of samarium ( Sm = 0, Sm = 0.02, and Sm = 0.05) by a quick and cheap method of synthesis. The present paper is mainly focused on the antibacterial activity of samarium doped hydroxyapatite bionanoparticles (Sm:HAp-NPs). The structural and morphological studies have confirmed the formation of Sm:HAp-NPs with the characteristics of pure apatite with good crystal structure. The particle sizes were measured by transmission electron microscopy (TEM) and using dynamic light scattering (DLS). The biocompatibility of the Sm:HAp-NPs was evaluated using in vitro assays, consisting in the quantification of hFOB 1.19 osteoblasts cells viability. The antibacterial activity of Sm:HAp-NPs with Sm = 0, Sm = 0.02, and Sm = 0.05 was tested against Gramnegative bacteria (Pseudomonas aeruginosa and Escherichia coli) and Gram-positive bacteria (Enterococcus faecalis and Staphylococcus aureus). and 90 ∘ , with a step of 0.02 ∘ and 34 s measuring time per step. The particle size was measured by the SZ-100 Nanoparticle Analyzer (Horiba) using dynamic light scattering (DLS). The signal obtained from the scattered light is fed into a multichannel correlator that generates a function used to determine the translational diffusion coefficient of the particles analyzed. The Stokes-Einstein equation is then used to calculate the particle size. The scanning electron microscopy (SEM) study was performed on a HITACHI S2600N-type microscope equipped with an energy dispersive X-ray attachment (EDAX/2001 device). Energy dispersive X-ray analysis, referred to as EDS or EDAX, was used to identify the elemental composition of materials. The functional groups present in samarium doped hydroxyapatite nanopowders were identified by Fourier transform infrared spectroscopy, FTIR, using a Spectrum BX spectrometer. The spectra were recorded on 10 mm diameter tablets containing 1% KBr and 99% samarium doped hydroxyapatite nanopowder in the range of 500 to 4000 cm −1 with a resolution of 4 cm −1 . Cells were seeded at a density of 105 cells/mL in a Petri dish and incubated with samarium doped hydroxyapatite ( Sm = 0, Sm = 0.02, and Sm = 0.05) for 4, 12, and 24 hours. The cell viability was determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction test. The cells were incubated (5% CO 2 atmosphere, T = 37 ∘ C) for 4 h with MTT (0.1 mg/mL). The optical density at 595 nm, for each well, was then determined using a Tecan multiplate reader (Tecan GENios, Grödic, Germany). The absorbance from the wells of cells cultured in the absence of ceramic discs was used as the 100% viability value.
Materials and Methods

Cell Cultures and
Antimicrobial Studies.
The antibacterial activity of Sm:HAp-NPs was assessed by the Kirby-Bauer disc diffusion technique against Gram-negative bacteria (Pseudomonas aeruginosa and Escherichia coli) and Gram-positive bacteria (Enterococcus faecalis and Staphylococcus aureus). The 5 mg of the Sm:HAp-NPs ( Sm = 0, Sm = 0.02, and Sm = 0.05) was put in Sterile Whatman filter paper discs of 5 mm diameter. Finally, the sterile Whatman filter paper was placed on nutrient agar plates inoculated with bacterial cultures and incubated at 37 ∘ C for 24 h. The zone of inhibition was measured by using antibiotic zone scale (Hi media) [20] .
The effect of Sm:HAp-NPs on different phases of bacterial growth was evaluated by adding various concentration of Sm:HAp-NPs with Sm = 0, Sm = 0.02, and Sm = 0.05 (40 mg/mL) to overnight culture of Gram-negative bacteria (Pseudomonas aeruginosa and Escherichia coli) and Grampositive bacteria (Enterococcus faecalis and Staphylococcus aureus) in a 500 mL culture flask and kept in an incubator shaker at 27 ∘ C for 24 h. The absorbance of the bacterial culture was measured at 620 nm at various concentrations (1, 0.5, 0.25, 0.125, 0.62, and 0.031 mg/mL).
Results and Discussion
Hydroxyapatite doped with metal ions can play a key role in the development of modern chemotherapy on humans and animals. The hydroxyapatite doped with samarium ions with the molar compositions Ca 10−x Sm(PO 4 ) 6 (OH) 2 , where Sm = 0, Sm = 0.02, and Sm = 0.05, was synthesized by coprecipitation method. The structure, composition, and the qualitative analysis of chemical bonds of the samarium doped hydroxyapatite nanoparticles are discussed. Furthermore, the antimicrobial evaluation of Sm:HAp was performed, too.
The XRD patterns of Sm:HAp ( Sm = 0, Sm = 0.02, and Sm = 0.05) and the standard data for the hexagonal hydroxyapatite are shown in Figure 1 . For all values of Sm the diffraction peaks can be well indexed to the hexagonal Ca 10 (PO 4 ) 6 (OH) 2 in P6 3 m space group (ICDD-PDF number 9-432). In the XRD analysis of Sm:HAp, peaks for any new phase or impurity were not observed.
In good agreement with previous studies on Sm:HAp [21] [22] [23] [24] , the XRD of Sm:HAp ( Sm = 0, Sm = 0.02, and Sm = 0.05) have also shown that samples with samarium doped hydroxyapatite exhibit the characteristics of pure apatite with good crystal structure.
The diffraction peak intensities of the Sm:HAp powders in the XRD spectra were reduced and the peak shapes were broadened when the Sm concentration increased. In good agreement with previous studies [25] , the broadened peaks when Sm concentration increased in the Sm:HAp samples are attributed to the decrease of particle size.
In agreement with previous studies proposed by Ravindran et al. [24] and Shirkhanzadeh et al. [26] , these results demonstrate that the Sm 3+ ions have successfully substituted Ca 2+ ions without affecting the crystal structure of the hydroxyapatite.
TEM images of Sm:HAp ( Sm = 0, Sm = 0.02, and Sm = 0.05) at low resolution are presented in Figure 2 . The samples of samarium doped hydroxyapatite have a similar shape and maintain the morphology of pure HAp ( Sm = 0). We can see that the Sm:HAp nanoparticles were relatively uniform in shape for all the concentrations of samarium. The size of the Sm:HAp samples decreases when the samarium concentration increases. The synthesized Sm:HAp nanoparticles have ellipsoidal shape with regular surface and smoother edges.
The selected area electron diffraction (SAED) pattern recorded from an area containing a large number of nanoparticles is presented in Figure 2(d) . The rings can be indexed as ( (002)), ((210)), ((211)), ((310)), ((222)), ((213)), ((004)), and ((304)) reflections of the hexagonal HAp. Because other reflections are not observed we can conclude that the results are in good agreement with the XRD results which indicated that the nanoparticles have a good crystal structure.
In Figure 3 the mean average size of samarium doped hydroxyapatite obtained by dynamic light scattering (DLS) measurements is presented. We can see that the diameter of the particles is similar to the TEM size. This result shows that the Sm:HAp nanoparticles in suspension are unagglomerated. On the other hand, the Sm:HAp nanoparticles are monodisperse in water.
The elemental composition of the Sm:HAp samples was highlighted by energy dispersive X-ray (EDX) analysis (Figure 4) . The EDX spectrum of Ca 10−x Sm x (PO 4 ) 6 (OH) 2 confirmed the presence of calcium (Ca), phosphorus (P), oxygen (O), and samarium (Sm) in the samples with Sm = 0.02 and Sm = 0.05. The EDX spectrum of Sm:HAp sample with Sm = 0.02 is shown in Figure 4 . The EDX Mapping of Sm:HAp with Sm = 0.02 is also presented in Figure 4 . EDX Mapping (element distribution images) provides in addition to the conventional SEM image a meaningful picture of the element distribution at the surface of Ca 10−x Sm x (PO 4 ) 6 (OH) 2 samples. The uniform distributions of calcium (Ca), phosphor (P), oxygen (O), and samarium (Sm) in the samples have been confirmed. The FTIR spectra of Sm:HAp (with Sm = 0, Sm = 0.02, and Sm = 0.05) samples synthesized by adapted coprecipitation method at 100 ∘ C are shown in Figure 5 . The FTIR spectra of Sm:HAp samples for Sm = 0, Sm = 0.02, and Sm = 0.05 of samarium concentration are shown. The spectra of Sm:HAp samples with concentrations of samarium Sm = 0, Sm = 0.02, and Sm = 0.05 exhibited all vibrational modes corresponding to phosphate and hydroxyl groups present in HAp [27, 28] . The peak at 473 cm −1 is attributed to double degenerated bending mode of the O-P-O bond while the peaks at 1030-1100 cm −1 are attributed to triply degenerate asymmetric stretching mode of the P-O bond. On the other hand, nondegenerated symmetric stretching mode of the P-O bond is observed at 962 cm −1 [29] . The peaks at 563 cm According to Predoi et al. [5, 34, 35] the absorption peak in the region of 1600-1700 cm −1 is characteristic to O-H bending mode and it is evidence of the presence of absorbed water in the synthesized samples. In recent studies on samarium doped hydroxyapatite nanoparticles (Sm:HApNPs), Han et al. [29] attributed the weak band in the region 3200-3600 cm −1 to the stretching vibration of structural OH bond. When the concentration of samarium increases in the samples, the hydroxyl vibration band in the region 3200-3600 cm −1 decreases in intensity. According to Barralet et al. [36] a decrease of the hydroxyl vibration peak intensity in the region 3200-3600 cm Studies on the antimicrobial properties of these nanoparticles were also performed. The antimicrobial activity of Sm:HAp-NPs against Gram-negative (Pseudomonas aeruginosa and Escherichia coli) and Gram-positive (Enterococcus faecalis and Staphylococcus aureus) bacteria was evaluated.
Gram-negative bacteria can cause infections of surgical site or wound, bloodstream infections, pneumonia, and even meningitis. The Gram-negative bacteria have a unique structure of the outer membrane which gives them the ability to find new ways to be drug-resistant. The most common Gram-negative infections include those caused by Pseudomonas aeruginosa, Escherichia coli, Acinetobacter, and Klebsiella. According to Poole [37] , one of the most worrisome characteristics of P. aeruginosa is its low antibiotic susceptibility. On the other hand, P. aeruginosa can easily develop resistance to antibiotics by mutation in chromosomally encoded genes. Escherichia coli is known for virulence in urinal tract infections and neonatal meningitis. It is known that it is one of the main causes of urinary tract infections [38] .
The results of qualitative antibacterial activity evaluation of Sm:HAp-NPs ( Sm = 0.02 and Sm = 0.05) on Gramnegative and Gram-positive bacteria are shown in Figures 7  and 8 .
The antibacterial activity of Sm:HAp-NPs ( Sm = 0.02 and Sm = 0.05) was evaluated. For the Sm:HAp-NPs with Sm = 0 no activity against the Pseudomonas aeruginosa, Escherichia coli, Enterococcus faecalis, and Staphylococcus aureus was observed. On the other hand, the interactions of Sm:HApNPs ( Sm = 0.02 and Sm = 0.05) with Gram-negative and Gram-positive tested bacteria were different. The different interaction between our compounds and microbial strains tested could be due to differences occurring in the microbial wall structures. The qualitative antibacterial activity evaluation on Sm:HAp-NPs was revealed by a clear zone of inhibition when the concentrations were Sm = 0.02 and Sm P. aeruginosa E. coli
x Sm = 0.05
x Sm = 0.02 aureus and Enterococcus faecalis are the most commonly present organisms in hospitals in Europe [40] . A growing proportion of Gram-negative and Grampositive organisms display reduced susceptibility to antibiotics in communities and hospitals [41, 42] . According to Woodford and Livermore [43] the resistant bacteria have a significant impact on overall healthcare utilization and costs. As a result of the increased antibiotic resistance of the various microorganisms like bacteria, molds, viruses, and so forth, new antimicrobial agents that could be used to prevent infections are made. For the first time, this study has examined the synthesis of samarium doped hydroxyapatite at low temperature by coprecipitation method and its antibacterial activity. It could be concluded that the Sm:HAp-NPs have the antibacterial potential for treating wounds or even for covering medical instruments.
Conclusions
Samarium doped hydroxyapatite nanoparticles were successfully synthesized by coprecipitation method. hFOB 1.19 osteoblast cells incubated with the samarium doped hydroxyapatite ( Sm = 0, Sm = 0.02, and Sm = 0.05) exhibit an increase of viability and proliferation after 24 hours at around 100% relating to control for all the samples. Professor M. C. Chifiriuc (University of Bucharest, Faculty of Biology), for performing antimicrobial studies and their helpful discussions.
